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Abstract 
A visualization system for cycling pedaling technique is investigated in this paper. This system consists of the 
visualization of pedaling effectiveness and pedaling force vectors. Pedaling effectiveness is defined as the ratio of the 
tangential to total force applied to the pedals. New biaxial load cells were also developed to attach to the bottom of 
cycling shoes in place of plastic cleats. These load cells can be connected to the bicycle pedals to measure the 
magnitude and direction of pedaling forces of both pedals, respectively. The size of load cells is comparable with 
detachable plastic cleats (Shimano Corp). Therefore, cyclists were permitted to use their own bicycles for 
performance tests. For visualization of pedaling effectiveness, each force measured by the load cell was converted to 
coordinates respective to the tangential and radial directions of each crank. The crank angle was calculated from the 
signal of a magnetic transducer. The pedal angle was calculated using a link mechanism with the lower limbs: the 
length of the lower limbs, the length of the crank and the position of the greater trochanter were used as constant 
parameters for computational calculations. For visualization, the relationship between crank angle and force vectors 
was plotted on a computer, just after the performance tests. This information would be provided for coaches and 
cyclists in order to identify improvement points for pedaling technique. 
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Notations 
1X
&
Position vector of greater trochanter  L1  Length of thigh 
2X
&
  Position vector of knee L2  Length of lower thigh 
3X
&
  Position vector of heel L3  Length of foot 
4X
&
  Position vector of toe L4  Length of crank 
1. Introduction 
The purpose of this research was the construction of a training system to visualize between human leg 
power and bicycle driving force. Today, a lot of cyclists train with power meters which are able to 
measure torque applied to the crank. The torque is defined as the cross product of the crank length and the 
bicycle driving force. The driving force is a part of human leg power. Thus, cyclists need to apply leg 
power to pedals in an optimum direction to reduce the loss of power. Pedaling force can be decomposed 
into tangential and radial components of crank rotation (Fig. 1). The tangential component is effective as 
a driving force while the radial component is not. Thus, in order to improve performance, it is important 
to clarify the relationship between human leg power and bicycle driving force.  
Thomas et al. and Ericson et al. developed the pedal power sensor with piezoelectric force sensors in 
order to evaluate the relationship using cycle ergometer [1, 2]. Also, Umberto et al. and Hanaki et al. 
reported that the change of body position influenced a power output and muscle activation pattern [3, 4]. 
In these reports, the evaluation of the relationship considering body position was suggested to be effective 
for cyclists. 
In this system, mechanical cleat-size biaxial load cells by 16 strain gauges were developed to measure 
vertical and horizontal pedaling forces. The load cells were small enough to use instead of commercial 
cleats. Every cyclist was able to use their own bicycles in this system. Moreover, the maximum error of 
non-linearity and hysteresis was less than 1 percent. The measured force was converted into effective and 
non-effective driving forces based on crank and pedal rotation. Each rotation was measured using a 
lower-limb model during cycling. Using the calculated forces, pedaling technique was evaluated with two 
methods: visualization of pedaling effectiveness and pedaling force vectors. These measurements, 
analyses and evaluations were coordinated by a computer. 
 
     
Fig. 1. Directions of pedaling force 
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2. Construction of visualization system 
2.1 Cleat-sized biaxial load cells 
In this research, biaxial load cells were developed to measure the direction and magnitude of pedaling 
force via a data logger. The load cells were designed to attach to the bottom of cycling shoes in place of 
plastic cleats. The load cells could be connected to the bicycle pedals to measure vertical and horizontal 
force directions from the bottom of the shoes. The size of the load cells made them compatible for use 
with commercially branded cleats (Shimano Corp). Rated capacity is ±1,000 N in the vertical direction 
and ±500 N in the horizontal direction. The accuracy of measured force is very high owing to a wired 
design. Maximum error of nonlinearity and hysteresis is 0.90% and 0.89%, respectively. Thus, using 
these load cells allowed the direction and magnitude of pedaling force to be measure with high accuracy. 
Moreover, cyclists were able to use their own bicycles for performance tests and to measure the pedaling 
force of each leg independently. 
 
 
       
Fig. 2. Developed biaxial load cell 
2.2 Decomposition of measured force 
The measured force was converted into effective and non-effective forces in order to evaluate pedaling 
technique. The conversion was based on crank and pedal rotation. Crank rotation was calculated using a 
magnetic transducer. Pedal rotation was calculated using a lower-limb model during cycling (Fig. 3(a)). 
The lower-limb model was achieved using a link mechanism. Lower limb behavior was observed from 
beside the bicycle, and the positions of the bottom bracket and the greater trochanter were considered as 
fixed points. Moreover, the length of the crank and each element of the lower limb were considered 
constant. Thus, if ankle angle Ȗ is determined, lower limb behavior depends on crank angle Į. Therefore, 
ankle angle Ȗ was approximated with a sine function using image analysis (Fig. 3(b)): 
 
)c+ sin(Įc+cȖ 321= , (1) 
 
where c1, c2 and c3 are constant parameters for each subject. Also, the length of the each element of the 
lower limbs, the length of the crank and the position of the greater trochanter were given as constant 
parameters. From the law of cosines and the sine theorem, L7 and ș2 were calculated using ankle angle Ȗ. 
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5L , 1ș  and 6L were calculated as 
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In addition, the unit vector n& of 41 XX
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Thus, vector 5X
&
, vector 2X
&
 and vector 3X
&
 were calculated using vector n&  and vector a& . 
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From the above equations, all joint positions of the lower limbs relative to crank angle Į were determined 
and pedal angle ȕ was calculated. 
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From pedal angle ȕ, the vertical and horizontal pedaling force components from the ground were 
calculated with conversion of measured forces. 
 
ȕ cos f+ȕ  sinf='f xzx − , ȕ  sinf+ȕ cos f='f xzz  (8) 
  
where fx and fz were vertical and horizontal pedaling force components from the cycling shoes, 
respectively. Moreover, from crank angle Į, tangential and radial pedaling force components of crank 
rotation were calculated as follows; 
 
Į sin'f+Į cos'f=f zxt , Į cos'f+Į sin'f=f zxn −  (9) 
  
Therefore, effective and non-effective forces were calculated and pedaling technique could be evaluated. 
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Fig. 3. (a) Developed lower-limb model with link mechanism; (b) Approximation of ankle angle Ȗ 
3. Visualization method of pedaling technique 
3.1 Subjects and test condition 
Performance test of developed system was carried out to evaluate the applicability to cyclist’s pedaling 
training. People who were subjected to this test were three well-trained triathletes and four no-trained 
athletes. All subjects were informed about possible risks and signed a consent form approved by the 
ethics committee of human research where the study was conducted.  
In this test, they pedaled in 30 seconds and kept their pedaling frequency about 100 rpm. A TT bike 
(model P3, Cervelo Corp., Canada) mounted on bike trainer (MINOURA Corp., Japan) and time trial 
position were applied to the test (Fig. 1). 
Force applied on the both pedal and left lower limb kinematics were recorded for 30 s during the trial.  
As white spherical markers for the greater trochanter, knee, ankle, heel and toe, foaming agent markers 
were attached on the left side of the cyclists. The kinematics were recorded by a high-speed camera at 
200Hz and the positions of spherical markers were analyzed by image analyzing software TEMA 3D 
(Photron Corp., Japan) to confirm the accuracy of the proposed lower limb model. Also, recording 
frequency of pedaling force was 500 Hz. 
3.2 Results and discussion 
This evaluation method for pedaling technique consists of the visualization of pedaling force vectors 
and pedaling effectiveness. The results of performance tests for all subjects showed each different pattern. 
Thus, in this section, the result obtained from the most trained triathlete (attended 2012 Ironman Hawaii) 
was demonstrated. 
With visualization of pedaling vectors, cyclists can intuitively recognize their pedaling technique. This 
figure shows the relationship between crank angle Į and pedaling force vectors (Fig. 4(a)). The length of 
the arrows corresponds with the magnitude of human leg power. Also, the direction of the arrows 
represents the direction of human leg power. From this figure, it can be seen that the cyclist applied leg 
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power in the lower direction at the bottom, dead center position. Thus, much of the power was not 
converted into driving force. 
With visualization of pedaling effectiveness, cyclists can analyze their pedaling technique 
quantitatively. This figure shows human leg power plotted together with effective force as the bicycle 
driving force (Fig. 4(b)). Pedaling effectiveness can also be shown in numerical values (Table 1). 
Pedaling force is decomposed into tangential and radial components. The tangential component 
influences driving force. A component in the positive direction works effectively as a driving force, and a 
component in the negative direction disturbs crank rotation. In addition, the radial component is a 
non-effective force, which does not influence driving force. Thus, pedaling effectiveness is defined with 
the following equation as a function of crank angle Į: 
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( ) ( )
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=
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where ft is effective force, ft (+) is effective force in a positive direction and fn is a non-effective force.   
Fig. 4(b) and Table 1 show that the effectiveness was about 50% between 180 and 225 degrees crank 
angle. In fact, the cyclist applied a leg power of 100 N to pedals, but the effective driving pedaling force 
was only 50 N.  
 
 
Fig. 4. (a) Visualization of pedaling force vectors, (b) Relationship between human leg power and bicycle driving force. A crank 
angle of 0° was defined as the top dead center position. Positive angle corresponded to the direction of crank rotation. 
Table 1. Pedaling effectiveness  
Crank Angle 
(Degrees) 0-45 45-90 90-135 135-180 180-225 225-270 270-315 315-360 
Effectiveness 
 (%) 66.7 94.8 95.8 84.6 55.2 6.3 0 1.7 
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4. Conclusion 
In this research, a new visualization training system for pedaling technique was developed. First, 
cleat-sized biaxial load cells were developed to measure the direction and magnitude of human leg power 
with high accuracy. Second, the measured force was converted into effective and non-effective forces 
using a lower-limb model. Finally, based on the calculated effective and non-effective forces, pedaling 
technique was evaluated using a visualization of pedaling force vectors and pedaling effectiveness. This 
process was coordinated using a computer to provide results immediately after the performance tests. 
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